Effect of catalyst preparation and storage on chemical looping epoxidation of ethylene by Marek, Ewa & García-Calvo Conde, E
1 
 
Effect of catalyst preparation and storage on chemical looping 
epoxidation of ethylene 
E.J. Marek1,2*, E. García-Calvo Conde1,  
1Department of Engineering, University of Cambridge, Trumpington Street, CB2 1PZ, United Kingdom 
2Department of Chemical Engineering and Biotechnology, University of Cambridge, Philippa Fawcett 
Drive, CB3 0AS, United Kingdom 
*Corresponding author: ejm94@cam.ac.uk 
Abstract 
Chemical looping epoxidation (CLE) of ethylene to ethylene oxide (EO) presents an exciting 
alternative to the incumbent technology of direct epoxidation of ethylene with O2(g). In CLE, the reaction 
is still catalysed by Ag but oxygen is provided as Olattice from a solid metal oxide, eliminating the need 
and limitations of using O2(g). Here, the influence of catalyst preparation in CLE is investigated. The Ag 
catalyst was impregnated on a solid oxide, SrFeO3, which was used as the donor of Olattice in CLE. 
Temperature programmed reduction in H2 indicated that O-species participating in CLE can be 
attributed to the removal of the first monolayer of oxygen in SrFeO3. By changing the temperature of 
calcination in Ag-SrFeO3 preparation, the size of Ag particles was varied, resulting in a simultaneous 
increase of selectivity for EO (up to 60%) and conversion of C2H4 (up to 10%). Then, an assessment of 
the effects of impurities (carbonates, hydroxides), which deposit over time on the Ag-SrFeO3 surface, 
was performed, showing that impurities deteriorate the catalyst performance in CLE. Finally, the doping 
of the SrFeO3 with Ce to the A-site of the perovskite was carried out, and a substantial improvement of 
the conversion of C2H4 was achieved, reaching 15%, while maintaining the 60% selectivity for EO.  




Ethylene oxide (EO), C2H4O, serves as an important chemical intermediate with a production 
totalling 26 Mte in 2016 [1]. Industrial applications of EO include polymerisation of ethylene glycols, 
synthesis of fine chemicals, detergents, polyesters, and others [2]. The established industrial process for 
the production of EO involves a heterogeneous reaction of gaseous C2H4 and O2, the latter often 
delivered as purified oxygen [3]. Since the patenting of the process for EO production by Shell in 1958, 
Ag catalysts supported on low-surface alumina (α-Al2O3) have been the preferred choice [2,4], applying 
the loading of Ag between 7 to 20 wt%, with the resulting lifetime of Ag-Al2O3 catalyst of two to five 
years [5].  
The direct epoxidation of C2H4 with O2(g) catalysed by pure Ag particles has a selectivity of ~50%, 
which can be successfully boosted to 90% when halogen and alkali promoters are added to the gas feed 
or deposited on the catalyst surface [4]. The process is also optimised by applying pressures of 10-
30 bar and varying the temperatures between 200 and 300°C; both are adjusted for the best performance 
when the activity of the catalyst decreases with time [3,6]. Because of decrease in selectivity for EO 
with conversion of C2H4, industrial reactors are operated under small conversion and residence times 
of ~1 second [3]. Running the process at low conversions is also safer as it requires the gas stream 
outside the flammability limits, and minimises the risk of an uncontrolled runaway reaction: the 
combustion of EO [6].  
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A new process has been recently described, where epoxidation of ethylene is carried out using the 
chemical looping approach [7]. In there, oxygen to the reaction is donated by a metal oxide, which acts 
as an active bank of Olattice, and is justifiably termed as an oxygen carrier. Chemical looping epoxidation 
(CLE) comprises two separate steps, schematically shown in Fig. 1. First, the epoxidation is carried out, 
and the oxygen carrier is successively depleted of Olattice; second, the oxygen carrier is regenerated in 
air, which returns the solid bank of oxygen to the starting state [7,8]. Separating reactions into steps and 
using Olattice in CLE or other selective reactions bring bountiful advantages over the incumbent 
processes, such as broader operating range and lower costs, to name just a few [9]. 
In the proof of concept, CLE was demonstrated using Ag as a catalyst, deposited on SrFeO3, which 
acted as an oxygen carrier (donor of Olattice) [7]. Chan et al. achieved promising selectivity for EO ~25% 
at ~4% conversion of C2H4 but these quickly decreased with the duration of CLE. Clearly, the catalyst 
or oxygen carrier deactivated upon cycles of interspersed epoxidation and regeneration. The 
shortcoming was quickly overcome by Marek et al. [8]. By adding 5 mol% of CeO2 to the bulk of 
SrFeO3, and keeping the same Ag catalyst, the authors achieved remarkable improvement in the 
performance, with 60% selectivity for EO at 10% conversion of C2H4, maintained in 15 cycles of CLE. 
The new oxygen carrier, comprising CeO2 in a mixture with SrFeO3 released oxygen faster and at lower 
temperatures than SrFeO3 alone. The work by Marek et al. [8] confirms that the properties of the oxygen 
carrier are paramount in CLE. Yet, another factors require further investigations, namely the 
Fig. 1.  Schematic representation of CLE. MeOx represents an oxygen carrier with a depleted reservoir of Olattice, 
MeOy represents the regenerated oxygen carrier. 
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presentation of the Ag catalyst and its interaction with the oxygen carrier. Furthermore, little work has 
been so far presented on the influence of carbonates, which can deposit both on Ag and SrFeO3 during 
material storage [8,10].  
Here, the influence of the preparation procedure and of the size of Ag particles on the performance 
of CLE was investigated. While keeping the same oxygen carrier, SrFeO3, and the same amount of Ag 
(15 wt%), materials were varied by changing the calcination temperature in the Ag-impregnation step. 
Then, the resulting materials were investigated for chemical looping epoxidation. By varying the time 
from the calcination to the CLE experiments, samples with different levels of accumulation of surface 
impurities were investigated. Finally, for comparison with the solid mixture of CeO2-SrFeO3 studied by 
Marek et al. [8], a sample of Sr1-xCexFeO3 (x≤0.05) was synthesised and used as an oxygen carrier 
for CLE. 
2. Experimental 
 Material preparation 
Oxygen carrier 
SrFeO3 was prepared by mixing 0.25 mol of Fe2O3 (Fisher Scientific, ≥95%) and 0.5 mol of SrCO3 
(Sigma Aldrich, ≥ 98%). Ethanol (50 mL, 99.8%, Fisher Scientific) was added to the powders, which 
were then mixed in a planetary ball mill (MTI, MSK-SFM-1) for 3 h at 25 Hz. The resulting paste was 
dried in static air for 24 h at 50°C, then crushed and sieved to 180-355 μm. The obtained particles were 
calcined in static air four times. Each time the sample was held at 1000˚C for 3 h, with ramping at 5˚C 
min-1. After calcination, the particles were sieved again to 180-355 μm. The stoichiometry of the 
perovskite obtained with this method is SrFeO2.82 [11]. For simplicity, the perovskite is denoted in this 
paper as SrFeO3. 
Sr0.95Ce0.05FeO3 was prepared by combining 0.475 mol of SrCO3, 0.25 mol of Fe2O3, and 0.025 mol 
of CeO2. The last oxide was obtained from cerium nitrate, Ce(NO3)3 (Sigma Aldrich, 99%), by thermal 
decomposition, carried out for 4 h in a muffle furnace at 500°C, heated with 1°C min-1. The mixture 
containing Sr, Ce, and Fe was further processed following the procedure of synthesising SrFeO3. After 
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12 h of calcination at 1000°C, the obtained sample was analysed with XRD, which revealed that CeO2 
was present as a separate phase (see the Supporting Information, Fig. S1). The material was calcined 
again, first, for 10 h, then, for additional 5 h. The XRD detected less CeO2 with the prolonged 
calcination, indicating that the incorporation of Ce into the perovskite progressed slowly. In the final 
sample, only small peaks of CeO2 were observed, while the SrFeO3 peak at 46.95° shifted to a lower 
value (see Fig. S2), indicating the expansion of the cell volume, expected when Ce substitutes Sr [12]. 
With the possibility of some CeO2 remaining next to the doped perovskite, the final sample is denoted 
as Sr1-xCexFeO3 (x≤0.05).   
Impregnation with Ag 
Ag was dosed onto particles of the oxygen carriers - SrFeO3 and Sr1-xCexFeO3 – using incipient 
wetness impregnation. The pore volume of SrFeO3 had been determined previously [7] by adding water 
dropwise, until particles of SrFeO3 adhered, yielding 0.24 mL/g of SrFeO3. The pore volume of 
Sr1-xCexFeO3 was assumed the same as SrFeO3. The silver solution was prepared by taking 1.3895 g of 
AgNO3 (Alfa Aesar, ≥ 99.9) and dissolving it in 1 mL of deionised water. The solution was added 
dropwise to 5.0000 g of the oxygen carrier with agitation by a spatula. The sample was dried at 120 °C 
for 12 h in static air and then calcined. Six samples of Ag/SrFeO3 were obtained, each at a different 
temperature of calcination: 450°C, 500°C, 550°C, 600°C, 650°C, and 700°C. The ramp rate was always 
5°C min-1, and the calcination lasted 5 h. For the impregnation of Sr1-xCexFeO3, the calcination was 
carried out at 650°C only. For each sample, the impregnation resulted in 15 wt% of Ag loading. For 
differentiating between the samples, the description for each will be denoted using the temperature used 
in this calcination step. 
 Material characterisation  
X-ray diffraction (XRD) measurements were collected with an Empyrean (PANalytical), using Cu-
Kα radiation (40 kV and 40 mA). Diffraction patterns were obtained for 2𝜃 ranging from 10° to 80°, 
collected over 80 minutes. Rietveld refinement was performed with MAUD software [13], for 
confirming the presence of SrFeO3 (reference pattern from [14]), and Ag (reference pattern from [15]). 
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Elemental analysis for the content of Sr, Fe, and Ag was performed with Ag-impregnated samples, 
SrFeO3 and Sr1-xCexFeO3. Between 1 to 6 mg of was dissolved by heating in nitric acid (5 mL) at 80°C 
for 2 h. The obtained solutions were diluted forty-fold in water (1 mL into 40 mL) and analysed by 
Inductively Coupled Plasma - Optical Emission Spectrometry.  
Thermogravimetric experiments (TGA) were undertaken in a TGA/DSC1 Mettler Toledo analyser 
with a horizontal reaction chamber. Oxygen release and uptake from materials were analysed in air/Ar 
mixture upon heating to 900˚C (TPR); followed by cooling to 50˚C (TPO), both with 10˚C min-1. TPR 
and TPO were carried out in two or three subsequent cycles to estimate the repeatability of the redox 
behaviour and possible accumulation of carbonates on the Ag/SrFeO3 surface. In each experiment, the 
sample was placed in a 70 𝜇𝐿 alumina crucible and introduced to the TGA chamber, which was 
continuously purged with Ar (total flow of 100 mL min-1, NTP). An additional flow of ‘reactive’ gas 
(50 mL min-1, NTP), here, always air, was introduced through a capillary above the crucible. All gases 
were BOC, >99.998%. Due to the dilution from Ar, which was continuously flowing through the TGA 
chamber, the actual concentration of the introduced ‘reactive’ gases was always ~1/3 of the nominal 
concentration from cylinders. 
Low-temperature redox experiments in the TGA were performed isothermally, at 270˚C, by 
changing the type of the ‘reactive’ gas. A single CLE cycle, comprising 30 min reduction (‘reactive’ 
gas: 5.16 vol% C2H4/N2), 1 min purge (‘reactive’ gas: N2), 80 min oxidation (‘reactive’ gas: air), was 
performed.  
Scanning electron microscopy (SEM) images were taken using a Tescan Mira3 FEG-SEM. The 
accelerating voltage used was 3 kV and the working distance between 3-6 mm. The mean particle sizes 
were found by measuring the projected area of Ag particles (500 to 600 particles for each sample) 
detected with the “Analyze Particles” function in ImageJ and approved manually for analysis [16]. The 
determined area of Ag particles was used to calculate the diameter, assuming particles were spherical. 
Based on particle mean size from SEM, other parameters describing Ag presentation were evaluated: 
Ag dispersion, moles of surface Ag atoms, Ag surface area. The full description of the determined 
parameters is provided in the Supplementary Information, Section 2. Transmission Electron 
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Microscopy (TEM) and Electron Energy Loss Spectroscopy (EELS) analysis were performed using 
TESCAN High Angle Dark Field Retractable STEM Detector. Zero-loss was acquired simultaneously 
with the core-losses allowing for Dual EELS. Energy Dispersive X-ray spectroscopy (EDX) was 
performed to analyse the elemental composition, either in specific points or by mapping selected 
regions. 
The multipoint BET method was used to calculate the specific surface area (Nova 2200 Automatic 
Gas Sorption Analyser). Samples of 1 cm3 were degassed under vacuum for 6 h at 100°C. The BET 
surface area measurement lasted 6 h and was carried out with liquid N2 at -196°C. 
Temperature programmed reduction (H2-TPR) experiments were conducted in a Micromeritics 
Autochem II 2920 apparatus in conjunction with MKS Cirrus 2 mass spectrometer. In each experiment, 
~50 mg of sample was heated up from 50 to 900°C with a 10°C min-1 heating rate. During the heating, 
the sample was exposed to a continuous flow of 5 vol% H2/Ar, 50 mL min-1 (NTP). The off-gas was 
directed to a cold trap of isopropanol (cooled with liquid nitrogen) to remove water. Then, the 
composition of the dried gas was evaluated with a mass spectrometer, while the consumption of H2 was 
determined with a Thermal Conductivity Detector (TCD). To remove surface impurities before the H2-
TPR experiments, all samples were calcined ex-situ in a muffle furnace for 5 h at 350ºC, in static air. 
The mass spectrometer collected signal from 1 to 40 amu, and the mass at 28 was assigned to CO2. 
 Experiments for chemical looping epoxidation of ethylene 
Experiments were performed in a packed bed place in a 200 mm long quartz tube with the internal 
diameter of 8 mm, and a sintered disk, supporting the bed, located 75 mm from the bottom. A schematic 
representation of the experimental setup is shown in Fig. S3 in the Supplementary Information. Bed 
was created with three layers: with 2 g of active material with Ag catalyst, as a middle layer, positioned 
between two layers of Al2O3 (2 g each, 355-425 𝜇𝑚). The quartz tube was wrapped with a heating tape, 
set to 270°C. The temperature inside the reactor was measured with a thermocouple (K type) inserted 
in the middle of the bed of the active material. The temperature measurement was used for controlling 
the heating of the heating tape. 
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The gases used in the experiments were 5.16 vol% C2H4 in N2 (for the epoxidation step), N2 (for 
purge), and air (for reoxidation). Gas flows of 200 mL min-1 (NTP) were set with rotameters and 
measured with an electronic flowmeter (ADM). The residence time for gases in the bed of catalyst was 
0.29 s, while GHSV based on the catalyst volume was 6250 h-1. A cycling experiment was performed 
by switching gases with solenoid valves according to a time-based programme. A single CLE 
experiment included ten cycles, each comprising four stages: i) purge with N2 for 2 min, ii) epoxidation 
with C2H4 for 1.5 min, iii) purge with N2 for 2 min, iv) regeneration with air for 15 min.  
The off-gas from the reactor was directed to a Fourier Transform Infrared analyser (FTIR, MKS 
Instruments, Multigas 2030) with a gas cell of 5.11 m, which was heated to 150°C. The analyser was 
equipped with a HgCdTe detector, cooled with liquid N2. Before each CLE experiment, the detector 
was allowed to cool for 2 h while the packed bed was kept at 270°C and purged with air. A single FTIR 
measurement was performed every 1.87 s, averaging 8 scans of the band 800 – 4600 cm-1, at a resolution 
of 0.5 cm-1. The FTIR spectra were analysed for C2H4, EO, CO, CO2, and H2O using MKS’ software 
(MG2000).  
Parameters calculated from the CLE experiments include the flowrate at the reactor outlet, average 
and instantaneous selectivity for EO and conversion of C2H4, turnover frequencies (TOF) for both 
species, and carbon balance. The collected FTIR signal was deconvoluted using a first-order CSTR-
model. The description of calculated parameters and the effect of deconvolution are shown in the 
Supplementary Information (sections 4 and 5). The measurement of H2O was not used in further 
analysis. Water was accounted for when estimating parameters of CLE, but the H2O concentration was 
evaluated from the stoichiometry of two combustion reactions: 0.5C2H4 + 3/2O2 → CO2 + H2O, and 
0.5C2H4 + O2 → CO + H2O, i.e., 1 mol of generated CO2 or CO implied that 1 mol of H2O was also 
generated, and that 1.5 or 1 mol of O2 was consumed.  
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The reproducibility of CLE was analysed with two Ag/SrFeO3 samples prepared from different 
SrFeO3 batches. Samples of SrFeO3 were impregnated with AgNO3 with calcination at 650°C, 
performed on different days. Conversion of C2H4 and selectivity for EO differed to 3% (Supporting 
Information, Fig. S5). A CLE experiment with bare SrFeO3 was also performed, but no EO was 
detected. The only product in the off-gas was CO2, with an averaged concentration of 500 ppm. 
Fig. 2. XRD results of SrFeO3 impregnated with 15 wt% Ag and calcined at various 




 Materials characterisation 
The composition of the prepared samples was analysed with XRD and the results confirmed the 
presence of face-centred cubic Ag, and SrFeO3 perovskite, as shown in Fig. 2 for 15 wt% Ag/SrFeO3. 
Small amounts of impurities of Sr3Fe2O7 were also present, although in the amount lower than the 
measurement error, accounting for less than 5 wt%. Similar results were observed previously [8] when 
using the same experimental techniques. The result of doping of the perovskite with Ce is presented in 
the Supplementary Information, Figs. S1 and S2, confirming that Ce was incorporated into the 
perovskite resulting in Sr1-xCexFeO3.  
Typical SEM images of the surface of 15 wt% Ag/SrFeO3 particles calcined at various temperatures 
are presented in Fig. 3. Clearly, the samples differed because of the changing morphology of the Ag 
particles. At the lower calcination temperature, Ag was present in the form of small, spherical particles 
Fig. 3. SEM images of (a) bare SrFeO3, and 15 wt% Ag/SrFeO3 calcined at (b) 500°C, (c) 550°C, (d) 600°C, 
(e) 650°C, (f) 700ºC. Inserts show Ag particles (red circles) in more detail. Working distance within 3-5 mm.  
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(Fig. 3a), which became larger when the temperature in the thermal treatment was increased (Fig. 3b). 
At higher calcination temperatures, 600°C and 650°C, new forms of Ag morphologies were observed 
(Figs. 3c and d), such as dendritic or worm-like shapes. The agglomerating behaviour of Ag upon 
thermal or chemical treatment is well known [17], and results from Ag particle migration, atom 
migration (Ostwald ripening), sublimation of nanoparticles [18,19]. In epoxidation of C2H4 with O2(g), 
agglomeration of Ag was linked with higher selectivity for EO [20], but also, along Ag poisoning, was 
found responsible for catalyst deactivation [21]. 
The mean size of the Ag particles in each sample of 15 wt% Ag/SrFeO3 was evaluated using SEM 
(Table 1). In the calculations for mean diameter, spherical particles were assumed, which is correct only 
for small particles restricted by high surface tension [22], while, for other shapes, represents the 
equivalent diameter rather than the characteristic length. Nevertheless, the results from SEM gave the 
same trend as the results from XRD (Table S1), namely, the average size of Ag deposited on SrFeO3 
increased with the calcination temperature except for the sample calcined at 700ºC. The smaller size at 
700ºC resulted likely from the sublimation of Ag particles [23]. Elemental analysis confirms that the 
Ag content was significantly smaller in the sample calcined at the highest temperature (16.5 w/w%, 
metal basis for the 700ºC sample vs 17.8±0.8 w/w% of the average loading in all samples). The smaller 
size could have also resulted from the migration of Ag into SrFeO3 pores [23–25], resulting in a 
dendritic Ag network. Here, the migration might have been induced by O2(g) release and uptake from 
SrFeO3, that would be significant at 700ºC.  
The movement of Ag at lower temperatures, such as 270ºC used in CLE, is much slower, and, 
despite the chemical reactions, the size of Ag did not change (Table 1). Indeed, the noticeable effect 
from agglomeration can take years [18]. Thus, the proposed thermal treatment provides an opportunity 
to optimise the distribution of Ag on oxygen carriers in CLE. The BET surface area did not change 
significantly with the calcination temperature, although, as shown in Fig. 3, the deposited Ag particles 



























 [%w/w] [m2 g-1] [nm] SEM [×10-2, -] [m2 g-1] [×10-5 mol g-1 ] 
500°C 17.7 1.30 69  
(after CLE 67) 
4 
(1) 
1.99 1.45 2.75 
550°C 18.6 1.48 71 1 1.87 1.37 2.60 
600°C 18.2 1.27 97 2 1.40 0.88 1.96 
650°C 18.0 1.65 170 
(after CLE 164) 
1 
(2) 
1.18 0.50 1.63 
700°C 16.5 NA 76 1 1.88* 1.38* 2.62* 
* calculated for 15 wt% of Ag in the sample  
The mass changes during a single CLE-cycle experiment at 270˚C in the TGA are shown in Fig. 4. 
Common to all samples, the rate of reduction of the oxygen carrier (SrFeO3) in C2H4 was much faster 
than the rate of reoxidation in air. The samples that were calcined at lower temperatures were less active, 
Fig. 4. Mass change of 15 wt% Ag/SrFeO3 samples during reduction in C2H4 (as a ‘reactive’ gas, 30 min) and 
reoxidation in air (as a ‘reactive’ gas, 80 min), measured in TGA. Isothermal experiment at 270˚C. The samples differed by 
the temperature of calcination (500-650ºC) applied when impregnating Ag on SrFeO3.  
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with lower rates of reduction and reoxidation than the samples thermally treated at higher temperatures. 
As all samples were of the same chemical composition, the observed difference in performance can be 
attributed mainly to the temperature of calcination, and the resulting difference in Ag size and Ag-
SrFeO3 interface. The results in Fig. 4 provide evidence that Ag was catalytically active not only in 
epoxidation but also during regeneration, which likely comes from silver’s high affinity to oxygen and 
its positive influence on SrFeO3 ionic and electronic conductivity [26]. The same enhanced behaviour 
was observed in TPR-TPO in air, where the addition of Ag to SrFeO3 resulted in faster release of O2(g) 
when compared to bare SrFeO3 (Fig. S6). The catalytic influence of a noble metal on redox of perovskite 
was noted by Beppu et al. [27], when the impregnation of 1 wt% of Pd onto Sr3Fe2O7 significantly 
enhanced its oxygen release and storage. The results in Fig. 4 indicate that the morphology of the 
catalytically acting metal matters, and the observation might be of interest for other applications, such 
as oxygen separation for producing purified O2(g).  
Figure 5 presents EELS spectra collected for Fe L3 (2p3/2 → 3d) and L2 (2p1/2 → 3d) edge of two 
samples with clearly different Ag morphologies, one calcined at 500ºC and the other at 650ºC. The Fe 
L3 and L2 features depend on the local valence state of Fe, namely, for Fe4+ and Fe3+ cations, the position 
of both features slightly shifts [28], and so is the ratio of their intensities (IL3/IL2) [29]. The results in 
Fig. 5 show that the Fe electronic state in both samples differed even though the spectra were collected 
at room temperature, so at the same δ. Another explanation involves the interaction between Ag and Fe, 
which imposes a charge transfer towards Ag via the ligand effect [30]. Expecting a lower IL3/IL2 ratio 
for samples with a higher content of Fe4+ [29], the results for sample calcined at 650ºC indicate a more 
Fig. 5. Fe L2,3 edge EELS obtained from Ag-SrFeO3 calcined at 500°C (black) and Ag-SrFeO3 calcined at 650°C (red). 
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pronounced charge transfer towards Ag then for the sample calcined at 500ºC. While chemically, both 
samples were identical, the only difference between them was the size of Ag particles and the applied 
thermal treatment. 
When exposed to air, the surface of Ag and SrFeO3 tend to cover with carbonates and hydroxides 
[10,11], and the amount of surface impurities increases with the time of sample storage [12]. Neither 
was noticed in XRD, but CO2 and water were observed in the off-gas from the packed bed reactor, when 
heating the Ag/SrFeO3 sample prior to experiments (Fig. S11). The impurities were noticed with TEM 
in the sample calcined at the lower temperature, 500ºC, present as an amorphous layer that trapped Ag 
particles, or as a crystallite Sr-O-compound, as presented in Fig. 6 a) and b). The distances between 
lattice planes, in Fig. 6 b) align with d between (220), (020), (021) for Sr(OH)2, (210) and (200) for 
SrCO3, but does not agree with distances observed for SrO. In both Fig. 6 a) and b), the composition 
was checked with EDX (Section 11 in the Supplementary Information), confirming that the species at 
the surfaces contain Sr and O (but no Ag or Fe). The amorphous form of the carbonate and hydroxide 
is possible [31,32], although neither is thermally stable. In contrast, the surface of the sample calcined 
at 650ºC, Fig. 6 c) and d), was free of impurities. In result, Ag particles were well-positioned at the 
surface of SrFeO3. 
Fig. 6. TEM images of Ag-SrFeO3 (a) calcined at 500°C (stored>60 days), Ag nanoparticles are trapped in an amorphous 
layer, (b) fringes of Sr and O rich region at the surface of the same sample as in a), (c) calcined at 650°C (stored>60 days), 
(d) magnification of the region in c) marked with red rectangle: Ag particle deposited on SrFeO3. 
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The influence of impurities on the oxygen release and uptake of stored (>60 days) Ag/SrFeO3 was 
investigated in the TGA, with TPR-TPO cycles, performed in air, with results presented in Fig. 7. Upon 
heating, all samples showed mass loss that was not regained in cooling, confirming the presence of 
impurities. However, the introduction of Ag to SrFeO3, and the calcination temperature affected the 
deposition of impurities. In the samples calcined at 500°C and 550°C, the concentration of impurities 
was larger than in bare SrFeO3. For the rest of the samples, the impurities amounted to ~1 wt% of the 
starting mass. Interestingly, the impurities in these samples were released already at low temperatures 
(<270ºC), while the mass loss in samples calcined at 500 and 550ºC started only above 400ºC. Clearly, 
the chemical character and the strength of the surface bonding differed between the samples. The 
storage of samples beyond 110 days did not influence the mass loss in the TGA (Fig. S8), indicating 
that the Ag/SrFeO3 surface saturated with the impurities. 
During the reduction in H2-TPR, presented in Fig. 8, each Ag-SrFeO3 sample showed several 
reduction steps. Reduction of AgxOy and oxygen-adsorbed species on Ag takes place below 120ºC [33], 
so was not seen in the H2-TPR experiments here. The bulk-dissolved oxygen reduces at higher 
temperatures, even up to 460ºC, but it’s contribution in the TPR profiles is lower than Ag-oxides [34], 
thus, here, negligible. 
Fig. 7. Mass change profiles from TPR-TPO for bare SrFeO3 and samples of 15 wt% Ag/SrFeO3 calcined at various 
temperatures. Two temperature programmed cycles: each from 50 to 900°C (TPR) and 900 to 50°C (TPO), both steps in air 
(effective pO2=0.07 bar), with cooling and heating rate of 10°C/min. All samples were stored >60 days from the last 
thermal treatment. TPR in cycle 1 accounts for the removal of impurities (carbonates and hydroxides) and release of 
oxygen, while the TPR in cycle 2 accounts for oxygen release only. See Fig. S7 for mass change vs temperature. 
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The results in Fig. 8 were modelled with four peaks in 100-500ºC range and two high-temperature 
peaks. The first peak, observed at 217-265°C, was assigned to the removal of the reactive oxygen 
species, which are weakly bound to SrFeO3 surface (first monolayer of the oxide [35]) because phase 
reduction of SrFeO3 in H2 does not occur in this temperature region [11,35]. The three peaks observed 
between 262 and 500°C were attributed to the reduction of Fe4+ to Fe3+, representing perovskite – 
brownmillerite transformation [35]. The two final peaks >700°C correspond to the step-wise reduction 
of Fe3+ to Fe2+, and further reduction+ to the metallic iron [36]. The shift of the reduction temperature 
with increasing temperature of calcination corroborates with conclusions about the increasing 
interaction between SrFeO3 and Ag, and the electronic modifications at the Ag-SrFeO3 surface. This 
indicates that the oxidising potential increased with the calcination temperature, and for the sample 
calcined at 700ºC, its chemical potential in the CL-temperature range (270ºC) was high enough to 
promote complete combustion [9].  
Fig. 8. H2-TPR-MS of 15 wt% Ag-SrFeO3 calcined at 550, 650 or 700ºC. Blue dotted lines indicate the H2 signal from the 
TCD analyser, red – the modelled signal, grey – fitted peaks. Measurement from the mass spectroscopy (right Y-axis) is 
presented with the black line and indicates CO2 release. 
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The results from the mass spectroscopy (Fig. 8) showed that during the H2-TPR, each sample 
produced CO2, with two peaks observed between 600 and 700ºC. Sample calcined at 550ºC additionally 
released CO2 at a lower temperature (<350º), which confirms that CO2 in these samples was bounded 
strongly to the surface and could obstruct epoxidation. At low temperature, the released CO2 reacted 
with H2 through the water-gas shift reaction, increasing the consumption of H2 within peaks 2 and 3 for 
the sample calcined at 550ºC (Table 2).  
Table 2. H2 consumption in the H2-TPR. Peaks are presented in Fig. 8.  
Sample 550°C 15wt% Ag/SrFeO3 550°C 15wt% Ag/SrFeO3 550°C 15wt% Ag/SrFeO3 















1 265 0.50 243 0.58 217 0.34 
2 316 0.78 309 0.59 262 0.71 
3 352 0.79 399 0.33 375 0.11 
4 414 0.25 439 0.34 419 0.14 
5 757 1.26 747 1.25 753 1.46 
6 956 0.20 962 0.34 934 0.16 




 Chemical looping epoxidation 
Effect of calcination temperature on catalyst performance 
The typical outcome of a chemical looping experiment carried out in the packed bed reactor is 
shown in Fig. 9. Each experiment consisted of 10 redox cycles, with gas introduced as indicated by the 
colour map. Peaks in the mole fractions of the two main products of interest, EO and CO2, indicate 
when the reduction in C2H4 took place. No coking was observed for any catalyst.  
Figure 10 shows selectivity for EO and conversion of C2H4 in each cycle of CLE. The sample 
calcined at 650°C was the most selective for EO, giving selectivity for EO >55% at ~9% conversion of 
C2H4, and no drop in performance was observed upon cycling. For comparison, selectivities in the direct 
epoxidation of C2H4 with O2(g), using clean Ag on Al2O3 range from 25% to 50% [22,37]. Notably, the 
sample calcined at 500°C, which had the smallest Ag particles, was almost inactive, which means very 
small amounts of products were detected, thus, the error of that measurement was the highest. Ignoring 
Fig. 9. EO and CO2 profiles collected during a chemical looping epoxidation experiment carried out in a packed bed 
with a 2 g of 15 wt% Ag/SrFeO3, calcined at 650°C. One cycle consisted of: i) 2 min purge with N2, ii) 1.5 min reduction in 
5.16 vol% C2H4 (in N2), iii) 2 min purge of N2, iv) 15 min reoxidation in air. Colour labels: blue=Air, white=N2, red=C2H4. 
T=270°C, p= 1 atm.  
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the 500°C sample from the selectivity graph, we can conclude that the selectivity in CL increased when 
the sample was calcined at a higher temperature, except for the sample calcined at 700°C. As shown in 
Table 1, the sample prepared at 700°C had smaller Ag particles, similar to the sample calcined at 550°C. 
Selectivity for EO of these two samples was close, indicating dependence on the size of Ag. On the 
other hand, the results for the conversion of C2H4 clearly connected to the temperature of calcination.  
Samples other than the one calcined at 650ºC were less stable with CLE cycles, exhibiting a 
maximum in selectivity for EO in the first cycle, followed by a significant drop when the experiment 
progressed. Conversion of C2H4 noticeably decayed only for two samples, calcined at 550 and 700ºC, 
indicating some degree of deactivation (Fig. 10). For the rest of the samples, the conversion values were 
stable, meaning the overall samples’ activities remained at similar levels. Hence, the drop in selectivity 
was, at least to some degree, decoupled from the sample’s activity, differentiating CLE from classical 
non-stoichiometric epoxidation with O2(g) [38]. This is in contrast with the results from the previous 
study on CLE, which showed that the drop in selectivity correlated with the sample’s activity [7]. The 
authors were able to increase both parameters with prolonged reoxidation of the oxygen carrier, 
SrFeO3 [7]. Yet, despite doubling the reoxidation time both selectivity and conversion for C2H4, were 
still decaying in cycling. The sample analysed by Chan et al. was also 15% Ag/SrFeO3, calcined at 
500ºC, and it performed poorly in epoxidation, similar to the analogues sample used here (Fig. 10). 
Fig. 10. Selectivity for EO and conversion of C2H4 for 15 wt% Ag/SrFeO3 samples calcined at temperatures ranging 





While Chan et al. showed that the time of reoxidation influenced the performance for the sample 
calcined at 500ºC, the results in Fig. 10 for samples calcined at higher temperatures evidence the 15 
min reoxidation was sufficient to maintain material’s activity. This is supported by the TGA results in 
Fig. 4, which shows that samples calcined at 600 and 650ºC reoxidised much faster than the samples 
prepared at 500 and 550ºC. Although the TGA experiments indicate that neither sample reoxidised 
fully, the ratio of oxidation/reduction time in the TGA was 8/3, much less than 10 in the packed bed 
experiments, thus, the full reduction was not expected. 
Oxygen carriers should maintain similar activity as long as their oxygen reservoir is not severely 
depleted even if it is overall reduced after each cycle. This will be true only if the net change in oxygen 
capacity of SrFeO3 in 10 CLE cycles was small, otherwise, the reduction of SrFeO3 should change with 
conversion [39]. Here, in each cycle, SrFeO3 lost up to 5% of its oxygen capacity (taking SrFeO2.5 as 
the final stoichiometry, although SrFeO3 can reduce further, to SrO and Fe [11]). It might be that the 
drop in performance will be visible over hundreds of cycles rather than 10 cycles shown here, but then, 
mechanical, thermal and chemical stresses within the catalyst and oxygen carrier may as well be 
responsible for the change in the CLE performance. 
Instantaneous selectivities and conversions measured during 1.5 min of epoxidation in the function 
of oxygen release for the stably performing sample calcined at 650ºC are presented in Fig. 11. 
Repeatedly in each cycle, when SrFeO3 released oxygen, the conversion of C2H4 decreased slightly, but 
at the same time, the selectivity for EO was almost constant. Results in Fig. 11 corroborate with the 
conclusion that the rate of reduction of SrFeO3 changes slightly with conversion (𝛿). For samples that 
Fig. 11. Comparison of the instantaneous selectivity for EO (left) and conversion of C2H4 (right) in CLE for 15 wt% 




were less selective (calcined at lower temperatures as well as the sample calcined at 700ºC), both 
instantaneous parameters were decaying across each cycle, similarly to the result shown by 
Chan at el. [7].  
A comparison of turnover frequencies (TOF) for EO and C2H4 in the last cycle of CLE is shown in 
Fig. 12, while average values for TOFs are given in Table 3. Notably, the sample calcined at 650ºC 
showed TOF for EO around 10𝑥 higher than the sample calcined at 550ºC. Clearly, the delivery of 
oxygen in the sample calcined at 650ºC was significantly higher, allowing for faster reaction.  
Table 3. Oxygen release and turnover frequencies for EO and C2H4 from 10th CLE cycle performed in a packed bed 
reactor. TOF values correspond to maxima exhibited within the cycle.  




[×10-4 mol O g-1] [-] [×10-2 s-1] [×10-2 s-1] 
500°C 15wt% Ag/SrFeO3 0.06 0.21 0.06 0.02 
550°C 15wt% Ag/SrFeO3 0.34 1.31 0.32 0.09 
600°C 15wt% Ag/SrFeO3 0.66 3.36 0.94 0.38 
650°C 15wt% Ag/SrFeO3 0.84 5.15 1.87 1.10 
 
Fig. 12. Turnover frequencies (TOF) for EO and C2H4 in the 10th cycle of CLE for 15 wt% Ag/SrFeO3 calcined at 550ºC 




CLE for Ag/Sr1-xCexFeO3 calcined at 650ºC 
Results from a CLE experiment using 15 wt% Ag/Sr1-xCexFeO3 are presented in Fig. 13. Compared 
to Ag/SrFeO3, the Ce-doped oxygen carrier performed better in CLE, with selectivity for EO and 
conversion for C2H4 increasing to ~60% and 15%, respectively. As argued by Marek et al. [8], good 
selectivity and stable performance in CLE depends on fast oxygen diffusion in the oxygen carrier. In 
Ag/Sr1-xCexFeO3, faster ionic conduction is attained when Ce is introduced in small amounts [12]. As a 
result, the metal oxide can donate more oxygen in CLE, explaining the significantly higher conversions 
of C2H4. Overall, 15 wt% Ag/Sr1-xCexFeO3 calcined at 650ºC is, so far, the best performing sample for 
CLE reported in the literature. 
Effect of storage time on catalyst performance 
 Samples of SrFeO3 after impregnation with 15 wt% Ag, were used in packed bed CLE experiments 
waiting 7 days or >60 days from the day of calcination. Results for 15 wt% Ag/SrFeO3 calcined at 
650ºC are presented in Fig. 14. For the rest of the samples, the influence of sample storage was similar 
and is shown in Figs. S9 and S10 in the Supplementary Information. Accumulation of impurities leads 
to higher production of CO2, resulting in a lower selectivity for EO and higher conversion of C2H4. This 
increased level of CO2 did not originate from the decomposition of carbonates, because the carbon 
balance in both experiments was ~95%. The presence of impurities was shown detrimental also in 
classical epoxidation with O2(g); impurities of acidic nature (hydroxyl groups) lead to subsequent 
Fig. 13. Selectivity for EO and conversion of C2H4 for 15 wt% Ag/Sr1-xCexFeO3, 15 wt% Ag/SrFeO3 and bare SrFeO3 




combusting of EO [40], while the presence of carbonates to blocking of Ag surface [22]. Carbonates 
also impair SrFeO3, hindering its oxygen permeability [41]. Therefore, the more impurities are present, 
the less active and selective catalyst is expected. While this might be a part of the story seen in Fig. 14, 
because selectivity for EO of the stored sample did drop, the increase in conversion of C2H4 suggests 
that the acidic surface in CLE promoted direct combustion of C2H4.  
As seen in the TGA experiments (Fig. 7), about 50% of surface impurities accumulated in the 
Ag/SrFeO3 sample calcined at 650ºC was removed upon heating to 270ºC. The thermally induced 
removal of carbonates and hydroxides was also evidenced by measuring CO2 and H2O in the off-gas 
from the packed bed when the sample was heated up for the CLE experiment (Fig. S11). Because 
impurities are not stable at elevated temperatures, the accumulation of new impurities during CLE is 
not expected. Nevertheless, dedicated research with long cycling is needed for confirmation.  
The removal of impurities was investigated by repeating the last thermal treatment (calcination for 
depositing Ag) and running a CLE experiment. The recalcined sample showed good performance only 
in the first cycles, similarly to the ex-situ regenerated samples in our previous study [7]. Therefore, the 
temperature treatment needs optimising to effectively purify the surface of Ag/SrFeO3. Alternatively, 
CLE should be performed shortly after depositing Ag on SrFeO3. As shown in Fig. S5, freshly calcined 
samples result in repeatable performance in CLE. Finally, SrFeO3 can be manipulated to prevent the 
accumulation of impurities, for example, by doping the B-site with high-valent elements, such as Ti, 
Zr, Nb, and Ta. This prevents interactions with CO2 [29] but can lead to a more acidic perovskite. 
Fig. 14. Comparison of selectivity for EO (left) and conversion for C2H4 (right) in CLE experiments for 




4. Discussion  
Figure 15 presents the results from CLE experiments as a function of Ag size. The distribution of 
silver is crucial in epoxidation because the size of Ag particles influences the selectivity of the reaction. 
In classical epoxidation with O2(g), nano-sized particles of Ag promote secondary oxidation of ethylene 
oxide [22]. Here, the smallest particles turned out to be almost inactive, and the conversion of C2H4 was 
the same as for bare SrFeO3 (which combusted C2H4 giving ~500 ppm of CO2). With the temperature 
of calcination, the size of the Ag particles increased, except for the sample prepared at 700ºC. For the 
two discussed performance parameters, Fig. 15 shows that selectivity for EO in CLE depended 
primarily on the size of Ag particles, while conversion for C2H4, on the temperature applied during 
impregnation with Ag. In fact, the first parameter changed linearly with DAg (R2=0.97), while the latter 
increased linearly with the calcination temperature (R2=0.98). The dependency of selectivity to EO on 
the size of Ag aligns with multiple observations made in classical epoxidation with O2(g) (e.g., [38,42]), 
where selectivity increases until an optimal size of Ag is reached. The mechanism behind this variation 
is reasonably well explained, and involves more oxidic nature of Ag nanoparticles [22]. The dependency 
reported here with respect to the conversion of C2H4 is most likely characteristic only for CLE, for 
instance, if the material’s activity depends on the Ag-SrFeO3 interface, which changes with the applied 
thermal treatment. Clearly, the conversion of C2H4 did not rely on the extent of this Ag-SrFeO3 interface 
(for the supporting argument, see Section 9 in the Supporting Information). 
It is clear from Table 1 and Fig. 15 that a higher ns, number of moles of surface Ag atoms, did not 
lead to a higher conversion nor higher selectivity. If ns correlates directly with the number of active Ag 
Fig. 15. Selectivity for EO as a function of Ag size (left) and conversion of C2H4 as a function of the calcination 




sites, the latter was not crucial for good performance in CLE. It seems that even if more active sites 
were present in smaller Ag particles, oxygen was not efficiently delivered to them. Alternatively, the 
number of active Ag sites did not align directly with ns, for example if some specific type of surface Ag 
atoms was inactive.  
Previous studies on epoxidation linked selectivity for EO with a higher degree of surface oxygen 
electrophilicity [4], which can be defined as the ratio of electrophilic to nucleophilic oxygen adsorbed 
on the surface (Oa). The degree of electrophilicity is a function of the amount of subsurface oxygen 
(Oss) dissolved in Ag. Oss withdraws the surface charge and renders the surface more electrophilic [43]. 
Accordingly, high accumulation of subsurface oxygen will result in a more selective process. In CLE, 
where oxygen is most likely delivered to Ag via the Ag-SrFeO3 interface [7], larger Ag particles can 
accumulate more Odissolved and less Oa than smaller Ag particles. In case of charge transfer towards the 
bulk of Ag, this might explain why in CLE the size of Ag correlates with selectivity for EO.  
The size of Ag particles is likely not the only factor determining the final selectivity. CLE is similar 
to electrochemical epoxidation in the sense that both processes involve Olattice. In the mechanism 
explaining oxygen transport for electrochemical epoxidation [44] and CLE [7], Olattice transforms firstly 
to Odissolved and then to Oss and Oa. Thus, the degree of electrophilicity of an Ag surface might be limited 
by the oxygen flux across the Ag-SrFeO3 interface. The results in Fig. 11, show that the selectivity for 
EO was stable throughout the CLE cycles for the sample calcined at 650ºC; therefore, the degree of 
electrophilicity was maintained. This was not the case for samples calcined at lower temperatures, 
where selectivity for EO decayed; in these samples, the oxygen transfer might be hindered by slow 
Olattice-Oss transformation. For the sample calcined at 700ºC, the rate of oxygen delivery was the fastest, 
but the Ag particles were small, and that combination still led to low selectivity. Furthermore, the 
reactivity of that sample quickly decayed (Fig. 10), which can be explained by the depletion of SrFeO3 
from oxygen (larger δ).  
Enhanced oxygen delivery, even at high 𝛿, was observed previously in CLE, but only when the 
oxygen carrier, SrFeO3, was mixed with CeO2 [8]. Combining both effects here, the advantage of large 
Olattice flux across the Ag-SrFeO3 interface and maintained oxygen donation even at a high 𝛿, was 
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observed in the sample doped with Ce and calcined at 650ºC. In Sr1-xCexFeO3, Ce helped with the ionic 
transport within the perovskite [12], allowing for high activity despite depletion from oxygen. As a 
result, the conversion for C2H4 in the Sr1-xCexFeO3 sample increased to 15% (in comparison to 10% 
obtained in [8] for a CeO2-doped perovskite), while the selectivity for EO remained at a high, 60 % 
level. 
The results presented in this study demonstrate that Ag needs to be firmly set onto SrFeO3, and that 
the interface between Ag and SrFeO3 is of crucial importance. Similar observations were noticed in 
electrocatalytic oxygen reduction studies, in which Ag was used as a cathode. Transition 3d-metals 
from solid electrolytes interact strongly with Ag. As a result, the charge is transferred from the 3-d 
metal to Ag via the ligand effect [30], as observed with EELS results (Fig. 5) and indicated with H2-
TPR (Fig. 8). This, in turn, strengthens the adsorption of oxygen species [45], and, thus, directly affects 
the reduction and reoxidation of the Ag-SrFeO3 composite. One would expect that upon epoxidation, 
the charge transfer has a similar influence on the Ag surface electrophilicity as the accumulation of Oss, 
again, promoting higher selectivity on larger Ag particles. Another mechanism at the Ag-SrFeO3 
interface that can play a role involves the strain mismatch between the crystal structures of the deposited 
metal particles and the perovskite. While strain between two phases can be easily affected by the 
calcination temperature and methodology of sample preparation [46], the influence of strain is believed 
to be small for large, >20 nm, particles [30].  
The presented results suggest that the charge transfer from Fe to Ag might be responsible for higher 
EO selectivity on larger Ag particles. Practical conclusions emerge, that higher temperature in 
calcination promotes better interaction between Ag and SrFeO3 and results in faster oxygen release and 
uptake. Clearly, both are crucial for maintaining stable CLE performance. The proposed variations in 
the thermal treatment of the Ag/SrFeO3 catalyst provide a simple optimisation method for CLE of 
improved performance. Another practical conclusion involves the accumulation of Ag/SrFeO3 surface 
impurities, which are detrimental in CLE performance. While thermal treatment is an easy option for 




The experiments showed that the addition of Ag to the surface of SrFeO3 influenced its redox 
properties, catalysing oxygen release and uptake. Consequently, selectivity for EO in epoxidation via 
chemical looping route increased with the size of Ag particles deposited on oxygen carrier, SrFeO3. 
Conversion of C2H4, on the other hand, increased with the temperature of sample calcination. Thus, 
selectivity was decoupled from the sample’s activity, which differentiates CLE from classical 
epoxidation with O2(g). The presented EELS results indicate that the thermal treatment in calcination 
cemented the interface between silver and SrFeO3, resulting in the charge transfer, which helped with 
faster delivery of oxygen to the place of reaction. In consequence, high selectivity for EO and high 
conversion of C2H4 were attained simultaneously. Gaining from these findings, a superior CLE 
performance in terms of selectivity for EO (60%), conversion of C2H4 (15%), and stability during redox 
cycling was obtained with Ag/Sr1-xCexFeO3. Finally, H2-TPR results confirmed the O-species 
participating in the reaction can be attributed to the removal of the first monolayer of oxygen in SrFeO3. 
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